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Unsteady vortex breakdownAbstract An improved delayed detached eddy simulation (IDDES) method based on the
k-x-SST (shear stress transport) turbulence model was applied to predict the unsteady vortex
breakdown past an 80/65 double-delta wing (DDW), where the angles of attack (AOAs) range
from 30 to 40. Firstly, the IDDES model and the relative numerical methods were validated by
simulating the massively separated ﬂow around an NACA0021 straight wing at the AOA of 60.
The ﬂuctuation properties of the lift and pressure coefﬁcients were analyzed and compared with
the available measurements. For the DDW case, the computations were compared with such mea-
surements as the mean lift, drag, pitching moment, pressure coefﬁcients and breakdown locations.
Furthermore, the unsteady properties were investigated in detail, such as the frequencies of force
and moments, pressure ﬂuctuation on the upper surface, typical vortex breakdown patterns at
three moments, and the distributions of kinetic turbulence energy at a stream wise section.
Two dominated modes are observed, in which their Strouhal numbers are 1.0 at the AOAs of
30, 32 and 34 and 0.7 at the AOAs of 36, 38 and 40. The breakdown vortex always moves
upstream and downstream and its types change alternatively. Furthermore, the vortex can be
identiﬁed as breakdown or not through the mean pressure, root mean square of pressure, or even
through correlation analysis.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
Double-delta wings (DDW) are widely used in high maneuver-
ability ﬁghters, such as F-16, F-18, Su-27, and so on. To a
great extent, their aerodynamic characteristics, especially the
angle of sweep (AOS), are determined by the combination of
the strake and main wings. The ﬂows are typically unsteady
when a vortex breakdown occurs at a high angle of attack
(AOA). The interaction between the two main vortices on each
side of the wing becomes intensive when the AOS is large
enough. It can easily lead to an asymmetric vortex breakdown,
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sentative example.
An early investigation of the rolling behavior of an 80/65
DDW was reported by Pelletier and Nelson.1 The dynamic
rolling motions could be divided into three regions at different
AOAs: damped oscillation, quasi-limit-cycle wing-rock motion
and chaotic oscillations. He observed that the chaotic oscilla-
tions occurred when the AOA was greater than 34. Tao et al.2
also observed the same rolling motions past the same 80/65
DDW as Pelletier did. They investigated the effects of Mach
number and initial roll angle on the rolling motions. Sun et al.3
tested the ﬂow past this DDW in a wind tunnel at the China
Aerodynamics Research and Development Center (CARDC).
The force, moment and pressure coefﬁcients, as well as ﬂow
visualization by smoke and particle image velocimetry (PIV)
were obtained. From the ﬂow visualization, it could be seen
that the vortices which were detached from both the strake
and the main wings twined together near the junction region.
When the AOA was equal to 30, the vortex breakdown
occurred near the trailing edge; the vortex breakdown point
moved upstream when the AOA increased; it occurred again
at the junction region when the AOA was 40. However, few
reports are found about the unsteady characteristics of vortex
breakdown and their effects on the aerodynamic force and
pressure ﬂuctuation of the DDW.
Liu et al.4 simulated the ﬂows past the 80/65 DDW using
both unsteady Reynolds-averaged Navier–Stokes (URANS)
and delayed detached eddy simulation (DDES) methods,
where DDES was only applied at the AOA of 40. The aerody-
namic force, distributions of pressure coefﬁcients on the sur-
face and the vortex breakdown point were obtained and the
agreements with the measurements were good. The unsteady
process of vortex breakdown and its effects on aerodynamic
force and pressure ﬂuctuations could be well simulated by
DDES. The comparisons demonstrate that advanced DES-like
methods are more suitable for simulating the characteristics of
vortex breakdowns and resolving small-scale structures.
It is a great challenge to realize the accurate prediction of
vortex breakdowns and massive separations at high Reynolds
numbers for the DDW case. Large eddy simulation (LES) is a
suitable turbulence model to predict the vortex breakdown.
However, it is too expensive to accurately simulate high Rey-
nolds ﬂows. URANS is highly efﬁcient but it cannot accurately
capture the small-scale motions.
The combination of LES with RANS can achieve reason-
ably good results in terms of both accuracy and efﬁciency with
limited computational resources when computing ﬂows includ-
ing unsteady vortex breakdown phenomena. The modeling
strategy of turbulent ﬂows, often referred to as RANS/LES
hybrid models (such as DES based on Spalart–Allmaras5
model, originally proposed by Spalart et al.,6 denoted as
DES97), has recently become much favored in the study of
the unsteady and geometry-dependent separated ﬂows. Such
hybrid methods combine a high-efﬁciency turbulence model
near the wall, where the ﬂow is dominated by small-scale
motions, with a LES-type treatment for the large-scale
motions in the ﬂow region far away from the wall. It is a typ-
ical ‘‘LES above RANS’’ hybrid method.
Although DES97 is widely used, it has some deﬁciencies,
such as erroneous activities of the near wall damping terms
in the LES mode, incursion of LES mode inside the boundary
layer, log-layer mismatch, grey area, and so on. Many of themhave been successfully addressed in later revisions, such as
DDES7,8 and improved-DDES (IDDES),9,10 while some still
remain. Xiao et al.11–13 have reported the performances of
advanced DES-type models, DDES and IDDES, for the tan-
dem cylinders and the rudimentary landing gear for three
years. At the same time, they also point out that the dissipation
level of the numerical scheme is very important, even when
coupling with the advanced DDES model.13 The adaptive dis-
sipation scheme can successfully simulate massive separation
ﬂows past tandem cylinders, while the widely used upwind
Roe scheme greatly suppresses the generation of small-scale
structures.
In this paper, an 80/65 DDW is simulated and analyzed
using the latest DES-type method, IDDES, with an adaptive
dissipation scheme. The paper is arranged as follows: in Sec-
tion 2, the turbulence simulation and numerical methods are
brieﬂy introduced; in Section 3, the ﬂow past NACA0021 at
the AOA of 60 is ﬁrstly simulated to validate the methods,
which is one of the stepping test cases in the EU project,
DESider;14 then, the ﬂow past the 80/65 DDW is investi-
gated in detail. The last section is the conclusions.
2. Turbulence simulation and numerical methods
To accurately resolve the unsteady vortex breakdown past the
DDW, two issues are very important. One is the turbulence
simulation model, and the other is the numerical scheme, espe-
cially the numerical dissipation level associated with the
scheme employed. Furthermore, the combination of the
advanced turbulence simulation methods and high order
scheme with adaptive dissipation may be more important than
either one alone.13
2.1. IDDES based on shear stress transport (SST) model
IDDES can be constructed through introducing the length
scale in the dissipative terms in the turbulence kinetic energy
(TKE) transport equation of the SST model.15
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where q is the density, k the turbulent kinetic energy, t the
time, uj the velocity, l the molecular viscosity, lt the turbulent
viscosity, sij the tensor of stress, and Sij the mean strain rate,
the length scale of IDDES LIDDES can be deﬁned as
LIDDES ¼ ~fdð1þ feÞLRANS þ ð1 ~fdÞLLES ð2Þ
Here, the length scales of LRANS = k
1/2/(b*x), LLES =
CDESD and D=max{Dx, Dy, Dz} for the original DES deﬁni-
tion. For the IDDES, the grid scale is redeﬁned as
D=min{max{CwDmax, Cwd, Dmin}, Dmax}, where Cw is a
constant, d the distance to the nearest wall, Dmin is taken as
min{Dx, Dy, Dz} and Dmax is equal to max{Dx, Dy, Dz}. Func-
tion ~fd is deﬁned as max{(1  fdt), fB}, which is determined by
both the geometry part fB and the ﬂow part (1  fdt).
When fe is equal to 0, LIDDES in Eq. (2) can be written as
LIDDES ¼ LDDES ¼ ~fdLRANS þ ð1 ~fdÞLLES ð3Þ
and IDDES reverts to DDES-2006.8 When fe is larger than
zero and ~fd is equal to fB, LIDDES in Eq. (2) can be written as
Numerical investigation of unsteady vortex breakdown past 80/65 double-delta wing 523LIDDES ¼ LWMLES ¼ fBð1þ feÞLRANS þ ð1 fBÞLLES ð4Þ
and IDDES acts in the wall-modeled LES (WMLES) mode
near the wall.
The detailed formulation of functions fB, fe, fdt, etc., can be
found in the original reference.10
2.2. Numerical methods
2.2.1. Spatial scheme with adaptive dissipation
When LES is applied to simulate turbulent ﬂows, the numeri-
cal dissipation should be low enough with very ﬁne grids to
resolve the appropriate turbulence scales. Then, the central
scheme is always used. However, it often suffers from the spu-
rious oscillation due to the coarse grid. The adaptive dissipa-
tion scheme, whose dissipation keeps as large as the original
upwind scheme near the wall and in the irrotational region
but becomes very small in the separation region, is an appro-
priate choice.
In this paper, a high order symmetric total variation dimin-
ishing (STVD) scheme based on the upwind Roe scheme,
which combines a 6th order symmetric scheme and a 5th order
weighted essentially non-oscillating interpolation
(S6WENO5),16 with adaptive dissipation, can successfully
resolve the unsteady breakdown and massive separation. The
reason for choosing the STVD scheme is that this algorithm
allows one to independently control the dispersion and dissipa-
tion errors in the solution.
The inviscid ﬂux of Navier–Stokes equations is given as
Fiþ1=2¼ Fsymmetric;iþ1=2|ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
6th order center scheme
/ 1
2
jeAinvjðqRqLÞh i
iþ1=2|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
5th orderWENObased on Roe scheme
ð5Þ
where F is the invicid ﬂux, eAinv the matrix of Roe-average, qL
and qR are the variables at the interface. The adaptive function
/13,17,18 varies from 0 to 1.
In this subsection, the detailed formulations of the adap-
tive dissipation function / are not re-illustrated as they can
be found in the references.13,17,18 This approach of combin-
ing IDDES with the adaptive dissipation scheme is applied
to the NACA0021 and DDW cases. Fig. 1 shows the distri-
bution of the modeled eddy viscosity and the adaptive dissi-
pation coefﬁcient / past NACA0021 and the yOz plane of
the DDW model. As shown in Fig. 1, / is low enough in
the separation region where the ﬂow is dominated by turbu-
lence. In the irrotational region and near the wall, / is close
to unity, and the scheme reverts to the original S6WENO5
scheme.Fig. 1 Distribution of modeled eddy viscosity and a2.2.2. Other numerical methods
Our in-house solver, unsteady Navier–Stokes equation solver,
is applied to predict the unsteady vortex breakdown. The TKE
k and speciﬁc dissipation rate x transport equations are
solved, being decoupled with the mean ﬂow equations. The
approach is parallelized using domain-decomposition and mes-
sage-passing-interface (MPI) strategies for the platform on
computer clusters.
A modiﬁed fully implicit low-upper symmetric Gauss–Sei-
del (LU-SGS) method with Newton-like sub-iteration in
pseudo time is taken as the time marching method when solv-
ing the mean ﬂow and the turbulence model equations. Global
non-dimensional time stepping is implemented to capture the
unsteady properties of the vortex breakdown as well as the
forces and moments and surface pressure ﬂuctuations.
All the computations of IDDES start from the ﬂow-ﬁelds
solved by URANS.
3. Results and discussion
In this section, two cases are investigated. One is the massively
separated ﬂow past the NACA0021 straight wing at the AOA
of 60. The other is the vortex breakdown past the 80/65
DDW at high incidences. For these two cases, the computa-
tions are compared with the available measurements.
3.1. NACA0021 at AOA of 60
This is one of the stepping stone cases in EU 6th framework
project, DESider14 (detached eddy simulation for industrial
aerodynamics). It is used to validate the capability of the tur-
bulence simulation model and numerics in this paper.
NACA0021 is a thick airfoil. The Mach number is 0.1, the
Reynolds number based on the chord is 2.7 · 105, where the
chord c is 0.125 m, the AOA is 60. Then, it is a typical bluff
ﬂow with massive separation.
Fig. 2 presents the two-dimensional (2D) grid around
NACA0021. It is an O-type grid in the xOy plane. The far-ﬁeld
boundary is about 30c. The grids in the wake are clustered to
capture more structures. There are 187 and 121 grids in the cir-
cumferential and normal directions, respectively. The spanwise
length is set as 4c and 161 points are distributed with equal
spaces of 0.025c. The total cell number is about 3.6 million.
The normalized time step Dt* = DtU1/c is 0.02, which
means that there are about 250 steps in a period of vortex
shedding. U1 is the velocity of freestream. The total statistical
time is 200, which is about 40 cycles.daptive coefﬁcient / past NACA0021 and DDW.
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coefﬁcients Cp are shown in Fig. 3, in the ﬁgure, the spanwise
length Lz is set as 4c. From this ﬁgure it can be seen that the
upper surface is almost fully separated, while the lower surface
is almost attached. Due to the different spanwise lengths in the
computation and experiment, IDDES underpredicts on the
upper surface a little. The mean lift and drag coefﬁcients (CL
and CD) and their 1st and 2nd order frequencies are listed in
Table 1, St is the Strouhal number. IDDES matches the mea-
surements very well and the difference between them is less
than 10%, which is in the error bound from DESider. For
CL, the relative error is 1.3%; for CD, the relative error is
6.8%. The frequencies of the 1st and 2nd modes are the same
as the measurements.
From the comparisons of the power spectral density (PSD),
shown in Fig. 4, the computations agree very well with the
measurements in a wide range of frequencies. The 1st and
2nd modes, where the St are 0.2 and 0.4, respectively, are easily
distinguished. At the same time, the computational amplitudesFig. 2 Grid around the foil.
Fig. 3 Comparison of mean pressure coefﬁcients.
Table 1 Comparison of CL and CD.
Method Mean CL Mean CD 1st order St 2nd order St
Experiment 0.931 1.517 0.2 0.4
IDDES 0.919 1.414 0.2 0.4
Error (%) 1.3 6.8 0 0
Fig. 4 Comparisons of the power spectral density.
Fig. 5 Instantaneous structures.
Fig. 7 Mean start points of the vortex breakdown.
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the measurements.
The instantaneous vortex structures are shown in Fig. 5. In
this ﬁgure, the vorticity at the middle section and the Q-crite-
rion are demonstrated to reveal the unsteady properties. From
them, the ﬂow is almost fully separated on the leeward side and
it is almost attached on the windward side. At the same time,
the shear layer and its instability can be found clearly.
3.2. DDW at high incidences
3.2.1. Brief description of the model
This DDW has two wings and a central body, where the
sweepback angle are 80 for the strake wing and 65 for the
main wing, respectively.
The free stream velocity is 40 m/s. The Reynolds number
based on the mean aerodynamic chord (MAC) is 1.3 · 106.
In the experiments, the AOAs range from 0 to 60. In the
computations, the AOAs only range from 30 to 40, where
the unsteady vortex breakdown is the typical ﬂow
phenomenon.
The surface grids and the near-ﬁelds grids over the DDW
model are presented in Fig. 6. They are multi-block structured
grids. The total cells are about 3.6 million. The non-dimen-
sional time step is 0.02 and the total statistical time is about
170.
3.2.2. Mean ﬂows
At high incidences, the instantaneous vortex breakdown points
are oscillating upstream and downstream at the AOAs from
30 to 40. Fig. 7 presents the time-averaged start points of
vortex breakdown. From this ﬁgure, the vortex breakdown
occurs more in the upstream with the increase of the AOA.
When the AOA is 30, the breakdown point in the streamwise
direction is about x/c= 2.0. When the AOA is 40, the break-
down point is about x/c= 0.9, where it approaches the junc-
tion of the front and the main wings.
Fig. 8 presents the distribution of pressure coefﬁcients Cp
on the upper surface at several AOAs. The low-pressure regionFig. 6 Surface and the near-ﬁelds grids around the DDWmodel.can reﬂect the locations of the vortex. Corresponding to Fig. 7,
the vortex breakdown moves upstream with the increase of
AOAs. At the AOA of 34, the pressure coefﬁcients demon-
strate a little asymmetry. The vortices on the left and right
sides possibly encounter asymmetric breakdowns. The start
point of vortex breakdown at this AOA in Fig. 7 is averaged
by those on both sides.
From 30 to 40, the comparisons of the Cp on the upper
surface at the section of x/c= 1.52, which corresponds to
70% of the root chord, are presented in Fig. 9. From the com-
parisons, IDDES can well match the measurements. When the
AOAs are 30 and 32, the peak of Cp existence indicates that
the vortex does not encounter breakdown at this section.
When the AOAs are 38 and 40, the peak of Cp disappears
and then the pressure coefﬁcients in the spanwise direction
are almost the same, which indicates that the vortex break-
down is fully deﬁnite.
The time-averaged lift, drag and pitching moment coefﬁ-
cients, CL, CD and Cm,z, are compared with measurements,
shown in Fig. 10. From this ﬁgures, the computations match
the measurements well.
(1) Coefﬁcients CL become larger with the increase of the
AOA, until 30. When the AOA is greater than 36,
the CL decrease with the increase of the AOA. The com-
putational CL are a little larger than those from the
experiments, when the AOA is greater than 38. The
AOA of maximum lift CL;max in computations is at 38,
while it is at 34 in experiments. This difference is possi-
bly caused by the different vortex breakdown points.
(2) From the comparisons of coefﬁcients CD, the computa-
tions agree with the measurements very well between 30
and 36. When the AOAs are 38 and 40, IDDES over
predicts a little.
(3) From the comparisons of pitching moments coefﬁcients
Cm,z, the computations are almost the same as the mea-
surements. It indicates that the distributions of pressure
on the surface are highly consistent with the
measurements.3.2.3. Unsteady ﬂows
The vortex breakdown is an intensely unsteady phenomenon,
which possibly leads to the ﬂuctuation of aerodynamic force
and moment coefﬁcients. Table 2 presents the main frequencies
of CL, CD, Cm,z and rolling moment coefﬁcient Cm,x, where St
Fig. 8 Distribution of Cp on the upper surface.
Fig. 9 Comparison of Cp on the upper surface at x/c= 1.52.
Fig. 10 Comparison of mean lift, drag and pitching moment coefﬁcients.
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Table 2 Main frequencies of aerodynamic force and moment coefﬁcients.
AOA () 1st order St of CL 1st order St of CD 1st order St of Cm,z 1st order St of Cm,x
30 1.00 1.01 1.02 0.99
32 0.92 0.93 0.93 0.97
34 1.02 1.01 0.98 1.00
36 0.72 0.72 0.71 0.73
38 0.69 0.69 0.70 0.73
40 0.70 0.70 0.70 0.69
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34, and then it becomes about 0.7 when the AOA ranges from
36 to 40. Meanwhile, the St of lift, drag and pitching moment
at the same AOA are very similar.
Instantaneous, root mean square (RMS) and power spec-
tral density of Cm,x are shown in Fig. 11. The RMS of Cm,x
becomes larger with the increase of the AOA, as shown in
Fig. 11(d). It indicates that the unsteadiness of the vortex
breakdown becomes more obvious at larger AOAs. For exam-
ple, Cm,x,rms at 40 is about twice as large as that at 34. The
comparisons of PSD of Cm,x at three typical incidences, 30,
34 and 40, are also presented in this Fig. 11(e). When the
AOA is larger, the main frequency becomes smaller and the
amplitude becomes larger.
The distributions of RMS of pressure coefﬁcients Cp,rms on
the upper surface at several AOAs are presented in Fig. 12.
Cp,rms can reﬂect the level of the pressure ﬂuctuations. In a cer-
tain sense, the high Cp,rms regions can also reﬂect the vortex
breakdown regions. At the same time, the high Cp,rms regions
move upstream with the increase of the AOAs. Unlike the
mean Cp, the Cp,rms demonstrate approximate asymmetry at
most of AOAs.Fig. 11 Instantaneous, root mean squarIn fact, asymmetry is always demonstrated by the instanta-
neous vortex breakdown on the left and right sides, whereas
the mean pressure coefﬁcients are nearly symmetric on the
upper surface. Two types of vortex breakdown have been
observed in many references.18,19 The same or different type
of vortex breakdown occurs on both sides at the same time,
and the type of vortex breakdown transforms to each other
on one side, which is commonly reported in experiments19,20
but scarcely by numerical simulation. Fig. 13 presents three
typical vortex breakdown patterns through the spatial stream-
lines and the Q-criterion at the AOA of 38. At one moment,
the vortices encounter a bubble type of breakdown on both
sides, shown in Fig. 13(a). At another moment, the vortices
encounter a spiral type of breakdown on both sides, shown
in Fig. 13(c). At some moments, the vortices encounter the
bubble and spiral types of breakdown on each side, shown in
Fig. 13(b). Either when the bubble or spiral type breakdown
occurs, spiral vortex shedding after the breakdown point can
be found, and the shedding direction is consistent with the
main vortex rolling up. From these ﬁgures, we ﬁnd that the
high Cp,rms regions lie a little upstream of the vortex break-
down point.e and power spectral density of Cm,x.
Fig. 13 Three types of vortex breakdown at AOA of 38.
Fig. 12 Distributions of root mean square of pressure coefﬁcients on the upper surface.
528 J. Liu et al.The relationship among the vortex, Cp,rms, TKE and the
normal Reynolds stress at the AOA of 30 is demonstrated
in Fig. 14. The streamwise section is x/c= 1.6, which corre-
sponds to the maximum of the Cp,rms coefﬁcients. From the
spanwise Cp,rms, three relatively high Cp,rms regions can be eas-
ily found, labeled as p1, p2 and p3, respectively. p1 corresponds
to the horseshoe vortex near the junction of the central body
and the wing; p2 corresponds to the unsteady interactions
between the main vortex and the upper surface; and p3 corre-
sponds to the reattachment of the main vortex. The regions of
maxima of TKE and u0u0 are almost the same as the vortex
core. From this ﬁgure, the streamwise Reynolds stress is much
larger than that of spanwise and normal components.
A sample point near the trailing edge, called Point A
(x/c= 2.155, y/c= 0.003 and z/c= 0.593), which issufﬁciently far away from the vortex breakdown point, is used
to detect and analyze the frequency and amplitude of the
vortex breakdown. The main frequencies at several AOAs
are listed in Table 3. The St at Point A are almost the same
as those of the forces and moments. It indicates that the
primary frequencies of the force are possibly caused by the
shedding of spiral vortex.
The weak asymmetry is also detected by comparing the
sound pressure level (SPL) at Points A and B, which is the mir-
ror point of Point A. The comparisons of PSD on Points A and
B at 34 and 40 are presented in Fig. 15. As analyzed before,
at the AOA of 34, the ﬂow is a little asymmetric. The primary
frequencies and SPLs on Points A and B are a little different.
On Point A, the St of the primary frequency is about 1.01 and
the St of the primary frequency on Point B is about 0.75. At
Fig. 14 Vortex, Cp,rms, TKE and normal Reynolds stresses at x/c= 1.6 (AOA= 30).
Table 3 Main frequencies at Point A.
AOA () 30 32 34 36 38 40
St 0.99 0.94 1.01 0.71 0.71 0.70
Fig. 15 SPL on Points A and B at AOAs of 34 and 40.
Table 4 Streamwise coordinates of the ten points.
Point number 1 2 3 4 5 6 7 8 9 10
x/c 0.30 0.60 0.76 0.81 1.04 1.22 1.51 1.81 2.00 2.15
Numerical investigation of unsteady vortex breakdown past 80/65 double-delta wing 529the AOA of 40, the primary frequencies and SPLs on Points A
and B look almost the same. Whereas the instantaneous ﬂow is
asymmetric, the mean ﬂow is nearly symmetric at the AOA of
40.
Ten samples are labeled on the upper surface at the same
side, whose streamwise coordinates are listed in Table 4. The
locations change between the strake wing (x/c= 0–0.67) and
the main wing (x/c= 0.67–2.17). They can be used to record
the mixing of the vortices detached from the two wings, the
oscillations of the breakdown point and shedding of spiral
vortex.
The correlation coefﬁcient on pressure ﬂuctuations is
deﬁned below:
Rpp ¼
R T
0
p01ðtÞp0iðtÞdtﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃR T
0
p01ðtÞp01ðtÞdt 
R T
0
p0iðtÞp0iðtÞdt
q ð6Þ
where p0i is the pulse quantity of pressure. The coefﬁcients of
Rpp in the streamwise direction at several incidences are pre-
sented in Fig. 16.
According to the values of Rpp, the ﬂows above the upper
surface can be divided into three sections. The ﬁrst section is
dominated by the vortex from the strake wing, where Rpp is
near one. Rpp decreases in the second section, but it remains
positive, because of the interactions of the two vortices from
the front and the main wings. In the third section, Rpp is close
to or less than zero. The breakdown point is oscillating or the
vortex encounters breakdown. The locations where Rpp is zero
or negative always correspond to the mean vortex breakdown
points, as shown in Fig. 7.
Fig. 16 Rpp at different incidences.
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IDDES combined with an adaptive dissipation scheme is
applied to simulate the unsteady ﬂows of the vortex break-
down ﬂow around 80/65 DDW at several high angles of
attack. The methods are ﬁrstly validated through simulating
the ﬂows past a NACA0021 straight wing at the AOA of
60. The computations agree with experimental data very well.
The relative error of the force coefﬁcients is below 7%. The
computational primary and secondary frequencies are the
same as the measurements.
For the DDW case:
(1) The computations match well with measurements in the
mean coefﬁcients of pressure, lift, drag and pitching
moment.
(2) The low-pressure regions, the distribution of Cp;rms, even
the correlation coefﬁcient on pressure ﬂuctuations on
the upper surface can be used to estimate the locations
of vortex breakdown.
(3) The lift, drag, pitching and rolling moment coefﬁcients
have similar frequency properties. The sample Points A
and B have the same frequency properties with those of
the force and moment coefﬁcients, which indicates that
the primary frequencies of the force are possibly caused
by the shedding of the spiral vortex. When the AOAs
are 30, 32 and 34, the main St are about 1. When the
AOAs are 36, 38 and 40, the main St are about 0.7.
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